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In Xenopus, the canonical Wnt-signaling pathway acting through b-catenin functions both in establishing the dorso-ventral
axis and in patterning the anterior–posterior axis. This pathway also acts in patterning the animal–vegetal axis in sea
urchins. However, because sea urchin development is typically indirect, and adult sea urchins have pentamerous symmetry
and lack a longitudinal nerve cord, it has not been clear how the roles of the canonical Wnt-signaling pathway in axial
patterning in sea urchins and vertebrates are evolutionarily related. The developmental expression patterns of Notch,
brachyury, caudal, and eight Wnt genes have now been determined for the invertebrate chordate amphioxus, which, like
sea urchins, has an early embryo that gastrulates by invagination, but like vertebrates, has a later embryo with a dorsal
hollow nerve cord that elongates posteriorly from a tail bud. Comparisons of amphioxus with other deuterostomes suggest
that patterning of the ancestral deuterostome embryo along its anterior–posterior axis during the late blastula and
subsequent stages involved a posterior signaling center including Wnts, Notch, and transcription factors such as brachyury
and caudal. In tunicate embryos, in which cell numbers are reduced and cell fates largely determined during cleavage stages,
only vestiges of this signaling center are still apparent; these include localization of Wnt-5 mRNA to the posterior cytoplasm
shortly after fertilization and localization of b-catenin to vegetal nuclei during cleavage stages. Neither in tunicates nor in
amphioxus is there any evidence that the canonical Wnt-signaling pathway functions in establishment of the dorso-ventral
axis. Thus, roles for Wnt-signaling in dorso-ventral patterning of embryos may be a vertebrate innovation that arose in
connection with the evolution of yolky eggs and gastrulation by extensive involution. © 2001 Elsevier Science
Key Words: amphioxus; sea urchin; tunicate; echinoderm; Xenopus; caudal; hemichordate; tail bud; catenin; Wnt;
wingless; Notch; brachyury.INTRODUCTION
The embryonic anterior–posterior axis arises about the
time of gastrulation as a consequence of the animal–vegetal
polarity of the oocyte, as modified by fertilization-
associated events such as the sperm entry point and/or
cytoplasmic rearrangements. However, gastrulation move-
ments, even within the deuterostomes [echinoderms, hemi-
chordates, and chordates (see phylogeny, Fig. 1)], are ex-
tremely diverse, ranging from simple invagination to
involution to epiboly. In echinoderms, hemichordates, and
the invertebrate chordate amphioxus, gastrulation is typi-
cally by invagination, which is, therefore, probably ances-
tral for the deuterostomes. Invagination in the sea urchins1 Fax: (858) 534-7313. E-mail: lzholland@ucsd.edu.
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All rights reserved.most commonly studied, the euechinoids, is unusual
among echinoderms in that primary mesenchyme cells at
the vegetal pole ingress into the blastocoel just before
invagination begins. Other echinoderms and hemichordates
lack primary mesenchyme, and gastrulation in these groups
is probably more representative of that in the ancestral
echinoderm/hemichordate class. Invagination in am-
phioxus is particularly simple. The vegetal half of the
blastula invaginates into the blastocoel, leaving a widely
open blastopore, which subsequently closes (Fig. 5). No
mesenchyme is produced, and there is only a little involu-
tion around the lips of the blastopore (Zhang et al., 1997).
Because of this, the cells of the blastoporal lip in the earliest
gastrula remain posterior and many become incorporated
into the tail bud (Schubert et al., 2001). This very simple
mode of gastrulation by invagination is probably represen-
209
210 Linda Z. Hollandtative of embryogenesis in the most basal chordates. In
contrast, gastrulation in tunicates and vertebrates is modi-
fied. Tunicate embryos have very few cells and no blasto-
coel; gastrulation, which begins at the 110-cell stage, con-
sists of invagination of the endoderm followed by
involution of the mesoderm over the lips of the blastopore.
Vertebrate gastrulation is typically modified by large
amounts of yolk and/or extraembryonic membranes. Thus,
fish gastrulation is by epiboly followed by either involution
or ingression, while in amphibians it is by involution, and
in birds and mammals it is by ingression of cells through
the lips of the primitive streak. Consequently, many cells
around the blastopore early in gastrulation do not remain
there, but migrate anteriorly; thus, it is the cells around the
blastopore in the late amphibian gastrula which become
FIG. 1. Animal phylogeny based on rDNA phylogenies (Wada and
Satoh, 1994a,b; Wada, 1998; Littlewood et al., 1997; Mallatt and
Sullivan, 1998; Hedges and Poling, 1999; Swalla et al., 2000).
Deuterostome groups for which there is at least one study on
expression of developmental genes are indicated in bold. However,
for all but mammals, birds, amphibians, sea urchins, amphioxus,
and tunicates, there are few such studies.incorporated into the tail bud.
© 2001 Elsevier Science. AThe diversity of gastrulation among deuterostomes has
made it difficult to distinguish evolutionarily conserved
from derived aspects of early embryonic patterning. The
distinction is further clouded by the complexity and inter-
action of signaling pathways involved in early patterning,
such as the Notch and Wnt pathways, and their participa-
tion in numerous aspects of early development. In verte-
brates, for example, during the pregastrula stage, Wnt
signaling is involved in establishing the dorso-ventral axis.
During the gastrula and neurula stages, it functions in
dorso-ventral patterning of the mesoderm and in anterior–
posterior patterning of the neuroectoderm and somites and,
subsequently, in outgrowth of the tail. Nevertheless, simi-
larities of gene expression in all deuterostomes except
tunicates (in which only vestiges of the ancestral anterior–
posterior patterning mechanism are apparent) suggest that
the ancestral deuterostome had a posterior signaling center
established at the late blastula/early gastrula stage by the
Wnt- and Notch-signaling pathways and transcription fac-
tors such as brachyury and caudal with which these path-
ways interact.
WNT- AND NOTCH-SIGNALING PATHWAYS
INTERACT
Wnt genes encode secreted proteins that mediate inter-
cellular signaling over one or more cell distances (reviewed
in Christian, 2000). They have been extensively duplicated
during bilaterian evolution. One has been isolated from a
coelenterate (Hobmeyer et al., 2000), 7 from Drosophila, 4
from sea urchins (Ferkowicz and Raff, 2001), 9 from am-
phioxus (Holland et al., 2000a; Schubert et al., 2000a,b,c,
2001), and 18 from mammals with an additional 3 from
other vertebrates (fish, sharks, hagfish, Xenopus) [for verte-
brate and Drosophila Wnt genes, see the Wnt gene homepage
(http://www.stanford.edu/;rnusse/wntwindow.html)]. There
are at least two Wnt-signaling pathways—the canonical path-
way involving nuclear localization of b-catenin and a pathway
involving phosphatidylinositol and G proteins with release of
intracellular Ca21 (Fig. 2). The details of the latter pathway are
less well known than those of the canonical pathway (Ku¨hl et
al., 2000; Pandur and Ku¨hl, 2001). Particular Wnts preferen-
tially signal through either one or the other pathway, and at
least a part of the specificity apparently resides in the particu-
lar frizzled receptor. However, some frizzled receptors can
apparently mediate signaling through both the canonical and
noncanonical pathways (Medina et al., 2000). Wnts-1, -2, -3,
-7b, -8, and -8b preferentially signal through the canonical
pathway, and injection of these Wnts into Xenopus induces a
secondary axis. In contrast, Wnts-4, -5A, -7a, and -11 appear to
act preferentially through the noncanonical pathway and
injection of them into Xenopus eggs does not usually induce a
secondary axis (Du et al., 1995). However, injection of
Xwnt-11 into UV-ventralized embryos can result in a partial
axis (Ku and Melton, 1993), suggesting that Wnts may not be
obligated to signal through a particular Wnt pathway. Signal-
ll rights reserved.
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by the canonical pathway (Torres et al., 1996; Moon et al.,
1997; Gradl et al., 1999; Ku¨hl et al., 2000, 2001).
The Notch receptor is a large (2524 aa in amphioxus)
single-pass transmembrane protein also involved in inter-
cellular signaling. The extracellular domain typically in-
cludes 36 epidermal growth factor repeats (EGF) and 3
Notch/lin-12 repeats, and the intracellular domain has a
RAM23 domain and 6 ankyrin repeats. In the canonical
pathway, transmembrane proteins in the Delta/Jagged/
Serrate/Lag2 class on neighboring cells bind to Notch
repeats 11 and 12, resulting in the proteolytic cleavage of
the intracellular domain, its binding with CSL ligands
(CBF/RBP-Jk/Su(H)/Lag1), and their translocation to the
nucleus where they regulate transcription of downstream
genes (reviewed in Fleming, 1998; Mumm and Kopan, 2000).
The Notch- and Wnt-signaling pathways interact at sev-
eral levels (reviewed in Mumm and Kopan, 2000) (Fig. 2).
Drosophila wingless (Wnt1) can bind to the region of Notch
containing EGF repeats 19–36 (Wesley, 1999). Moreover,
Dishevelled, a downstream component of wingless signal-
ing, interacts with the intracellular domain of Notch to
inhibit Notch signaling (Axelrod et al., 1996). Conversely,
Notch signaling can inhibit wingless signaling, and it was
suggested that wingless binding to Notch relieves this
inhibition (Lawrence et al., 2001). Moreover, Presenilin1,
which activates the Notch pathway via participation in the
complex that proteolytically cleaves the Notch intracellu-
lar domain (NICD), inhibits the Wnt-signaling pathway by
facilitating degradation of b-catenin (reviewed in De
Strooper and Annaert, 2001).
In addition to the interactions of the Wnt and Notch
pathways mentioned above, Wnt signaling can regulate
expression of Wnts themselves (Yu et al., 1998). Moreover,
both pathways can regulate expression of brachyury.
Brachyury is a direct target of Wnt3a signaling (Yamaguchi
et al., 1999a; Arnold et al., 2000) and, at least in ascidian
tunicates, of suppressor of hairless [Su(H)], a downstream
component of the Notch pathway (Corbo et al., 1998).
However, in Xenopus, Xwnt-11 has been shown to be a
target of brachyury (Tada and Smith, 2000). In addition,
caudal (cdx-1) can be a direct target of Wnt signaling
(Lickert et al., 2000; Ikeya and Takada, 2001), although a
chick caudal gene (cCDX-B) is apparently upstream of
posteriorly restricted Wnt expression (Ehrman and Yutzey,
2001).
Other signaling pathways such as those involving FGF
and retinoic acid may cooperate with the Wnt-signaling
pathway and have been implicated in anterior–posterior
patterning (McGrew et al., 1997; Easwaren et al., 1999).
However, the only information on FGF-signaling pathways
in invertebrate deuterostomes is for a sea urchin FGF
receptor, which is specifically restricted to muscle cells in
the embryo (McCoon et al., 1998). Moreover, while retinoic
acid is known to play a role in anterior–posterior patterning
of amphioxus and ascidian embryos (Holland and Holland,
1996; Hinman and Degnan, 1998; Katsuyama and Saiga,
© 2001 Elsevier Science. A1998), and a retinoic acid receptor has been cloned from
ascidians (Kamimura et al., 2000), expression of retinoic
acid receptors in these chordates has not been studied. There-
fore, it is premature to discuss the evolution of roles of FGF or
retinoic acid signaling in deuterostome development.
WNT-SIGNALING AND AXIAL PATTERNING
IN Xenopus
In deuterostome embryos, the initial polarity is the
animal–vegetal axis established during oogenesis by an
asymmetric association between the oocyte and nongermi-
nal cells of the ovary (Iwamatsu and Nakashima, 1996).
This initial animal–vegetal axis is subsequently refined,
elaborated, and altered into (or replaced by) the anterior–
posterior axis. Following fertilization, there are often cyto-
plasmic rearrangements that may affect the polarity of the
zygote (Conklin, 1905; Collas et al., 2000; Roegiers et al.,
1999; Gerhart et al., 1989; Holland and Holland, 1992).
In Xenopus eggs, the cortical rotation, which occurs
shortly after fertilization, specifies the dorso-ventral axis.
The classical view is that this axis is at approximately right
angles to the animal–vegetal axis, the side of the blastopore
closest to the animal pole at the onset of gastrulation being
antero-dorsal. This view has recently been challenged by
those (Lane and Smith, 1999; Lane and Sheets, 2000) who
envision the A–P axis shifted 90°. That such a challenge
could come after well over 100 years of the study of
Xenopus embryology underscores the difficulty of pin-
pointing the axes when the blastula is multilayered and the
axes of the different layers are changing with time as cells
involute over the blastoporal lips. What is certain is that
toward the end of gastrulation when the Xenopus blas-
topore has largely closed, the blastopore is posterior, and
the dorsal and ventral lips are respectively posterior-dorsal
and posterior-ventral.
During early cleavage, preferential localization of mater-
nal b-catenin to nuclei of cells on the future dorsal side of
the embryo establishes the dorso-ventral axis (Figs. 3A and
3B). However, this nuclear localization of b-catenin, which
sends a transient dorsal signal to neighboring cells (Wylie et
al., 1996), disappears briefly about the time the blastopore
begins to form (Schneider et al., 1996; Larabell et al., 1997;
Schohl and Fagotto, 2002). Thus, treatments which upregu-
late signaling via b-catenin, such as a pulse of lithium (Fig.
2), injection of dominant-negative forms of GSK3, or injec-
tion of Xwnt-8, when applied before the midblastula tran-
sition, result in embryos that are dorsal-anteriorized (Ryu,
2001). Conversely, treatments that block b-catenin signal-
ing block dorsal axis formation (Wylie et al., 1996; Kao and
Elinson, 1998). Although several Wnts (Xwnt-5a, Xwnt-7b,
Xwnt-8b, Xwnt-11) are maternally expressed (Cui et al.,
1995; Gradl et al., 1999), Wnts are not required for this
dorsal b-catenin signal. However, induction of secondary
axes by injection of Wnts that signal through the canonical
pathway (members of the Wnt-1/wg class) into ventral
ll rights reserved.
212 Linda Z. Hollandblastomeres at the four-cell stage (Moon and Kimelman,
1998; Gradl et al., 1999; Sokol, 1999) suggests that tran-
scripts of Wnts such as Xwnt-8b, which are enriched in
animal cells of the blastula (Cui et al., 1995), may be
involved in maintenance of the dorsal b-catenin signal (Fig.
3B). This signal is essential for the expression of the early
pan-neural markers chordin, Zicr-1, and Sox-2. Expression
of these genes shows that the presumptive neuroectoderm
is specified before the onset of gastrulation in Xenopus
(Sakai et al., 1997; Mizuseki et al., 1998). Thus, early
FIG. 2. Schematic drawing of the canonical Notch and Wnt pathw
showing interactions among them. The canonical pathways are hig
Notch signaling by binding to the extracellular moiety of Notch.
thereby facilitating translocation of b-catenin to the nucleus, inhib
(NICD). Presenilin-1 (PS-1) functions in a protease complex that cl
canonical Wnt pathway by participating in degradation of b-catenin
Wnt-11, which preferentially signals through the noncanonical
noncanonical Wnt pathways can interact through brachury. Brach
the Notch pathway. Other Wnts may also be targets of Wnt signal
up-regulates the canonical Wnt pathway by blocking GSK-3, thu
canonical and noncanonical pathways are shown operating in differ
cell. Fz, frizzled; APC, adenomatous polypoposis coli; PLC, phos
CAMKII, Ca21-calmodulin-dependent protein kinase II (Wodarz and
2000).expression of these pan-neural markers in Xenopus does not
© 2001 Elsevier Science. Arequire the activities of the Spemann’s organizer (Wessely
et al., 2001). Similarly, in the chick, signals beginning
before gastrulation induce transient expression of the early
anterior neural markers Sox-3 and Otx2, although signals
from the organizer and its derivatives such as the pre-
chordal mesendoderm are subsequently required for main-
tenance of expression of these genes (Foley et al., 2000).
It is unlikely that either Notch or brachyury functions
together with b-catenin signaling in establishing dorso-
ventral polarity. Brachyury is not expressed maternally, and
(on the left) and the noncanonical Ca21-Wnt pathway (on the right)
implified. These pathways interact at several levels. Wnt inhibits
evelled (Dsh), which blocks GSK-3 (glycogen synthase kinase 3),
otch signaling by interacting with the Notch intracellular domain
the NICD for translocation to the nucleus. PS-1 also inhibits the
udal and brachyury are direct targets of Tcf (T cell factor). In turn,
way, is a direct target of brachyury. Thus, the canonical and
, in turn, can be a direct target of Su(H) [Suppressor of Hairless] in
ut it is unknown if they are direct or indirect targets (*). Lithium
reasing translocation of b-catenin to the nucleus. Although the
ells, there is no evidence that they cannot both operate in the same
ipase C; IP3, inositol 1,4,5-triphosphate; PKC, protein kinase C;
se, 1998; Uusitalo et al., 1999; Ku¨hl et al., 2000; Mumm and Kopan,ays
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214 Linda Z. Hollandits expression is uniform until the early gastrula, when it
becomes slightly enriched in dorsal mesoderm (Coffman et
al., 1990).
LATE WNT SIGNALING FROM CELLS AROUND
THE BLASTOPORE PATTERNS ALONG THE
ANTERIOR–POSTERIOR AXIS IN Xenopus
Due to cortical rotation and subsequent involution dur-
ing gastrulation, the anterior–posterior axis of Xenopus
embryos is considerably offset from the animal–vegetal
axis. Thus, at the late blastula before the onset of gastrula-
tion, the future posterior and ventral regions overlap con-
siderably in all germ layers. There are several models for
how Xenopus embryos are patterned along the anterior–
posterior axis. In recent years, Nieuwkoop’s two-signal
model involving an anterior activator released from pre-
sumptive prechordal plate mesoderm and a transformer
released from the notochord which confers posterior iden-
tity has been modified into a two-inhibitor model (Niehrs,
1999). In this model, there is a posterior Wnt-signaling
center producing an anterior–posterior gradient of Wnts in
the neuroectoderm. This Wnt signal, mediated by members
of the canonical Wnt-signaling pathway, posteriorizes neu-
roectoderm. Anterior endoderm and prechordal plate re-
lease Wnt and BMP inhibitors to specify anterior neuroec-
toderm. Thus, at the midblastula transition, the role of the
canonical Wnt-signaling pathway changes from specifying
dorsal–anterior structures to suppressing them and thereby
promoting formation of posterior structures (Heasman et
al., 2000).
In accord with this change in the role of Wnt signaling, a
new domain of intense nuclear b-catenin appears during the
late blastula in a ring around the marginal zone, i.e., the
future mesoderm (Fig. 3D) (Schohl and Fagotto, 2002). As
gastrulation begins, this ring becomes complete around the
marginal zone, except for a small region in the dorsal
midline; this zone of nuclear b-catenin approximately co-
incides with expression of Xwnt-8. Later, nuclear b-catenin
becomes concentrated at the dorsal and ventral lips of the
blastopore (Figs. 3D and 3E). This pattern is similar to that
of expression of Xbra and Xwnt-11 (Schohl and Fagotto,
2002).
In addition to Xwnt-8, Xwnt3a, also signaling via the
canonical pathway, has a restricted posterior domain of
expression in early embryos (Figs. 3D and 3E). Posterior
expression of Wnt-8 ceases during the neurula stage, but
expression of Xwnt-3a in posterior structures continues
into the tail bud stage (Figs. 3F and 3G). In Xenopus, Xwnt-8
appears to function chiefly in dorso-ventral patterning of
the mesoderm (Hoppler and Moon, 1998). Xwnt-8 turns on
at the late blastula stage in all the cells of the entire
marginal zone except for the most dorsal ones in a pattern
approximating that of strong nuclear b-catenin (Schohl and
Fagotto, 2002). In the early gastrula, expression of Xwnt-8
persists in ventrolateral mesoderm and ectoderm around
© 2001 Elsevier Science. Athe blastopore (Smith and Harland, 1991; Christian and
Moon, 1993; Lemaire and Gurdon, 1994) (Fig. 3D). During
the neurula stage, Xwnt-8 is expressed in ventral and lateral
plate mesoderm (Christian and Moon, 1993) (Fig. 3F).
Xwnt-8 promotes ventral fate and cooperates with the
organizer gene goosecoid (gsc) in dorso-ventral patterning of
the mesoderm. Experimental evidence indicates that poste-
rior Wnt signaling via the canonical pathway is responsible
for establishing and/or maintaining posterior identity. First,
injection of Xwnt-8 (Cui et al., 1995; Fredieu et al., 1997;
Kao and Elinson, 1998) after the midblastula transition
antagonizes signals from the organizer, inhibiting dorsal–
anterior development and resulting in embryos without
head or notochord but with enlarged somitic muscle. This
is the opposite effect of injection of Xwnt-8 before the
midblastula transition, which promotes dorsal–anterior de-
velopment. Similarly, lithium applied after the midblastula
transition posteriorizes embryos, which develop with a loss
of anterior structures (Yamaguchi and Shinagawa, 1989;
Kinoshita and Asashima, 1995) as does injection of a mor-
pholino oligonucleotide complementary to b-catenin
(Heasman et al., 2000). Conversely, injection of a dominant-
negative Xwnt-8 construct anteriorizes embryos. Although
Xenopus Wnt-8 genes are not expressed in the tail bud,
zebrafish Wnt-8 does become expressed in the tail bud by
midsegmentation (Kelly et al., 1995). Moreover, when ei-
ther Xwnt-8 or Xwnt-8b is injected into two- to four-cell
zebrafish embryos, there are dorsal–anterior defects includ-
ing suppression of eye and midbrain–hindbrain boundary
formation. This is quite different from the effect of injec-
tion of Xwnt-8 genes into Xenopus embryos and suggests
that the primary role of Wnt signaling is in anterior–
posterior patterning and that a role for Wnt signaling in
establishing the dorso-ventral axis as in Xenopus may not
be general among vertebrates (Kelly et al., 1995).
Xwnt-3a plays a major role in anterior–posterior pattern-
ing of the neuroectoderm. It is initially expressed in the
dorsal marginal zone, chiefly in ectoderm (Fig. 3D)
(McGrew et al., 1997). Because of pronounced involution
over the dorsal lip of the blastopore in Xenopus, at the
beginning of gastrulation, the dorsal marginal zone is
dorsal–anterior, while the ventral marginal zone is ventral–
almost posterior. However, as the blastopore closes, its
dorsal lip becomes dorsal–posterior and the previously
dorsal expression of Xwnt-3a in the blastopore lip becomes
progressively more posterior (Fig. 3E). At the early neurula,
Xwnt-3a becomes expressed along the neural folds and in a
diffuse ring around the blastopore. However, by midneu-
rula, the expression around the blastopore and in the
posterior neural folds becomes very strong (Fig. 3F). Expres-
sion remains strong in the posterior neuroectoderm and
mesoderm as the neurula elongates (McGrew et al., 1997).
By the early tail bud stage, Xwnt-3a is expressed posteriorly
in the tail fin and dorsal roof domain of the neurenteric
canal (Fig. 3G) (Beck and Slack, 1998, 1999).
Several lines of experimental evidence demonstrate roles
for Xwnt-3a in anterior–posterior patterning of both the
ll rights reserved.
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Xwnt3a or b-catenin suppresses the expression of anterior
neural genes and promotes the expression of posterior
neural genes, suggesting that Xwnt3a functions in estab-
lishing and/or maintaining posterior identity in the nerve
cord (Wolda et al., 1992, 1993; McGrew et al., 1997;
reviewed in Gamse and Sive, 2000). Similar results are
obtained in transgenic mice expressing chicken Cwnt-8c
(Po¨pperl et al., 1997). Expression of a dominant-negative
Wnt-8 reduces expression of posterior neural genes and
increases that of anterior neural genes (McGrew et al.,
1997). Second, a mouse mutant for Wnt-3a shows that it
also functions in anterior–posterior patterning of the verte-
bral column (Ikeya and Takada, 2001) and in posterior
somite formation (Yoshikawa et al., 1997; Yamaguchi et al.,
1999a). In the chick, the canonical Wnt-signaling pathway
is also implicated in patterning along the anterior–posterior
axis (Marvin et al., 2001; Huelsken et al., 2000).
Wnt-3a acts together with the Notch pathway to induce
posterior structures (Beck and Slack, 1998, 1999). Xnotch
and X-delta-1 are expressed in mesodermal cells posterior
to the neural plate from gastrulation onward. Increasing
amounts of Dishevelled, a component of both the Notch
and Wnt-signaling pathways, posteriorize the neural tissue
and activate posterior markers such as brachyury (Itoh and
Sokol, 1997). Conversely, in mice, loss of either Wnt-3a or
Notch-1 function results in posterior defects (Takada et al.,
1994; Conlon et al., 1995). Expression of Xwnt-3a together
with active Notch induces animal cap explants grafted at
any anterior–posterior level onto the neural plate to form
ectopic tails with neural tubes but no notochords; active
Notch [the Notch intracellular domain (NICD)] alone only
induces ectopic tails in animal caps grafted onto the poste-
rior neural plate—near the zone where Wnt-3a is expressed
(Beck and Slack, 1998, 1999). These ectopic tails induced by
active Notch express Xbra, Xwnt-3a, caudal (Xcad), FGF-8,
Xdelta-1, and lunatic fringe (lfng).
Brachury and caudal are downstream targets of Xwnt-3a
(Yamaguchi et al., 1999a; Ikeya and Takada, 2001).
Brachyury is expressed around the blastopore in early
FIG. 4. Diagram of Wnt, caudal, brachury, and Notch expression in sea
in these groups is shown. (A) In sea urchins, b-catenin protein and Notch
(red) becomes localized to nuclei of vegetal blastomeres during early clea
is quite different from cleavage stage Xenopus embryos, more closely resem
of brachyury, Wnts1, 5, and 8, and Notch remains posteriorly localized u
of Wnts turns off. (E) In the late gastrula, brachyury expression is limited t
and hemichordates, brachyury continues to be expressed around the b
anterior–posterior axis is established by localization of myoplasm to the p
ascidians lack a posterior signaling center involving Notch, brachyury, an
of maternal Wnt-5 mRNA in the posterior myoplasm. This localization pe
blastomeres during early cleavage. Maternal Notch is present in an an
notochord in the early gastrula, but there is no expression posteriorly. (J)
in cells destined to give rise to part of the posterior neural tube. (K) Durin
notochord, Notch to the nerve cord, brachyury to the notochord, and caudal
© 2001 Elsevier Science. AXenopus embryos, and expression continues into the tail
bud in the chordoneural hinge and posterior part of the
notochord, in the posterior wall cells, and in the roof of the
posterior nerve cord (Figs. 3F and 3G) (Smith et al., 1991;
Gont et al., 1993). Caudal (Xcad-2) is also expressed around
the blastopore except for the dorsal lip (Pillemer et al.,
1998a,b) and later both Xcad-1 and Xcad-2 are broadly
expressed in the gut (Chalmers et al., 2000). Xcad-2 is also
involved in specifying posterior identity. Like Xwnt-3a,
caudal, when overexpressed, causes embryos to be trun-
cated anteriorly and have shortened trunks (Epstein et al.,
1997). In the mouse, caudal (Cdx-1) is expressed in ectoder-
mal and mesodermal cells of the primitive streak and later
it has an anterior limit of expression in the hindbrain. It is
also expressed in the intestinal epithelium (Pownall et al.,
1996). Cdx-1 is a direct target of b-catenin (there are
Tcf/Lef1 binding sites in the regulatory region of Cdx-1) and
Wnt signaling stimulates Cdx-1 expression in the
endoderm (Lickert et al., 2000).
Late in development, at the tadpole stage, posterior Wnt
signaling also appears to be involved in elongation of the
postanal tail from the tip. There has been some controversy
whether the cells in the growth zone at the tip of the
Xenopus tail (the tail bud) are multipotent or are deter-
mined before the outgrowth of the tail. Most recent authors
agree that the tail bud does include discrete cell populations
derived from cells around the blastopore in the late
gastrula—in effect a “tail organizer” (Gont et al., 1993; De
Robertis et al., 1994; Tucker and Slack, 1995; Beck and
Slack, 1998, 1999; Knezevic et al., 1998). Certainly, several
genes expressed near the blastopore in the late gastrula
continue to be expressed there during elongation of the tail
(cf. Figs. 3E–3G). These include Xwnt-3a and Xwnt-5a,
brachyury, Notch, and Xnot-2 (Schulte-Merker et al., 1992;
1994). However, a fine-grained, cell-labeling study con-
cludes that the Xenopus tail bud also includes a component
of multipotent cells that make late germ-layer decisions
(Davis and Kirschner, 2000).
Wnts-11 and -5a, which signal through the noncanonical
pathway, also have posterior expression during the gastrula
in (A–E) and ascidian (F–K) embryos. Expression of all known Wnt genes
scripts are ubiquitously distributed in the unfertilized egg. (B) b-Catenin
stages. By the late blastula, Notch is concentrated in micromeres. This
g the situation in the late Xenopus gastrula. (C) In sea urchins, expression
fter gastrulation has commenced. (D) As invagination begins, expression
ondary mesenchyme and Notch to the archenteron. However, in starfish
pore (Tagawa et al., 1998; Shoguchi et al., 1999). (F) In ascidians, the
ior pole of the egg shortly after fertilization. Unlike other deuterostomes,
dal. The only vestige of such a posterior signaling center is concentration
through gastrulation. (G) b-Catenin protein becomes localized to vegetal
–vegetal gradient. (H and I) Zygotic brachyury turns on in the future
h turns on strongly in future neuroectoderm, while caudal is expressed
tadpole stage, Wnt-5 expression is limited to the endodermal strand andurch
tran
vage
blin
ntil a
o sec
lasto
oster
d cau
rsists
imal
Notc
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217Anterior–Posterior Patterning in Deuterostomesand postgastrula. These and other genes of the Wnt-5a class
appear to function in the regulation of morphogenetic
movements such as convergent extension, which is in-
volved in gastrulation movements and elongation of the
anterior–posterior axis. (Moon et al., 1993; Du et al., 1995;
Djiane et al., 2000; Yamaguchi et al., 1999b; Heisenberg et
al., 2000; Tada and Smith, 2000; Ku¨hl et al., 2001). In the
FIG. 5. Diagram of Wnt, Notch, caudal, and brachyury expression
in red. Maternal expression of these genes has not been demons
localized to all nuclei during early cleavage. (C) Zygotic expressio
during the early gastrula as b-catenin is downregulated in the mesen
proceeds. (E) By the late gastrula, all eight Wnts for which expre
expressed throughout the mesendoderm, while AmphiWnts4 and 5
Expression of eight Wnts together with brachyury, Notch, and c
AmphiWnt8 are expressed in the tail bud at this stage. Additional
posterior tissues by the midneurula, while the other amphioxus Wn
(After Holland et al., 1995, 2000a,b; Schubert et al., 2000a–c, 2001late blastula, Xwnt-11 is expressed in the epithelial layer of
© 2001 Elsevier Science. Athe dorsal marginal zone. In the gastrula, expression shifts
to the lateral and ventral marginal zone (Glinka et al., 1996;
Sokol, 1999). By the late neurula/early tail bud, transcripts
are restricted to the posterior mesoderm, including the
posterior part of the notochord (chordoneural hinge), and to
the somites (Ku and Melton, 1993; Glinka et al., 1996; Tada
and Smith, 2000). Expression of Xwnt-11 persists posteri-
g amphioxus embryogenesis. b-Catenin protein in nuclei is shown
d. (B) Unlike other deuterostomes, maternal b-catenin becomes
AmphiWnts8 and 11 and brachyury begins around the blastopore
rm. (D) AmphiWnt1 turns on around the blastopore as gastrulation
is known are posteriorly expressed. However, AmphiWnt7b is
expressed in the mesendoderm in a posterior–anterior gradient. (F)
l remains strong in posterior tissues. All of these genes except
ains for a few of these genes appear. (G) AmphiWnt7b turns off in
rachyury, caudal, and Notch continue to be expressed posteriorly.durin
trate
n of
dode
ssion
are
auda
dom
ts, borly as the embryo elongates.
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target of brachyury (Xbra) (Tada and Smith, 2000).
Brachyury first turns on in mesodermal tissues around the
blastopore and in late embryos is expressed in two regions
of the tail bud, the chordoneural hinge and the posterior
wall (De Robertis et al., 1994; Beck and Slack, 1999).
In the zebrafish as in Xenopus, Wnt-11 is mesodermally
expressed, in the blastoderm margin and notochord, with
expression continuing in mesoderm at the tip of the elon-
gating tail (Makita et al., 1998). Elimination of Wnt-11
expression in notail (brachyury) mutants suggests that like
Xwnt-11, zebrafish Wnt-11 is a downstream target of bra-
chury (Makita et al., 1998).
Xwnt-5a is not expressed during the gastrula stage, but
turns on in the neurula, first in anterior ectoderm and then
in posterior ectoderm, where it is coexpressed with
Xwnt-3a (Figs. 3F and 3G). It remains coexpressed with
Xwnt-3a in the tip of the elongating tail. Similarly, in the
mouse, Wnt-5a is expressed in tail bud of early somite-stage
embryos (Gofflot et al., 1997) as is zebrafish Wnt-5, which is
closest to mouse Wnt-5b (Blader et al., 1996; Rauch et al.,
1997). Moreover, zebrafish embryos mutant for Wnt-5 not
only have defects in the anterior head skeleton, but also
have shortened tails, suggesting a role in morphogenetic
processes involved in tail outgrowth (Rauch et al., 1997).
In sum, in vertebrates, posteriorly expressed Wnts of the
Wnt-1 class, which signal via the canonical pathway, are
involved in specifying posterior identity and in patterning
along the anterior–posterior axis. In addition, signaling via
this pathway is required for convergent extension move-
ments. In contrast, Wnts of the Wnt-5a class, which pref-
erentially signal via the noncanonical pathway, appear to be
chiefly involved in regulating morphogenetic movements
and tail outgrowth. They control convergent extension by
antagonizing signaling by the canonical Wnt pathway (Ku¨hl
et al., 2001; Wallingford and Harland, 2001). These Wnt-
signaling pathways interact with other posteriorly ex-
pressed genes such as brachyury, Notch, and caudal.
PATTERNING ALONG THE ANIMAL–VEGETAL
(ANTERIOR–POSTERIOR) AXIS IN
ECHINODERMS INVOLVES VEGETAL–
POSTERIOR SIGNALING BY WNTS
AND NOTCH
In the invertebrate deuterostomes (echinoderms, hemi-
chordates, tunicates, and amphioxus), only in tunicates are
there pronounced cytoplasmic rearrangements after fertili-
zation. In the other groups, cytoplasmic rearrangements are
minimal, and the anterior–posterior axis of the embryo is
generally close to the animal–vegetal axis. Among these
organisms, sea urchins have received the most attention in
regard to the mechanism of anterior–posterior patterning.
In sea urchins, the canonical Wnt-signaling pathway
apparently functions in patterning only the animal–vegetal
(anterior–posterior) axis and not the oral–aboral axis (prob-
© 2001 Elsevier Science. Aably equivalent to the dorso-ventral axis). Because echino-
derms typically have indirect development and may have
lost an originally longitudinal nerve cord in connection
with evolution of pentamerous symmetry, it is not clear
whether there is an evolutionary relationship between the
role of Wnt signaling in patterning the animal–vegetal
(anterior–posterior) axis in sea urchins and either dorso-
ventral or anterior–posterior axial patterning in vertebrates.
Several authors have suggested an evolutionary relationship
between the roles of the Wnt-signaling pathway in pattern-
ing along the dorso-ventral axis of Xenopus embryos and
along the animal–vegetal axis of sea urchin embryos
(Wikramanayake et al., 1998; Logan et al., 1999; Huang et
al., 2000). However, such a relationship has been ques-
tioned (Angerer and Angerer, 2000).
The first known indication of animal–vegetal polarity in
sea urchins is the localization of maternal transcripts of
SpSoxB1, an HMG box transcription factor, to animal
blastomeres starting at the fourth cleavage (Kenny et al.,
1999). Subsequently, maternal b-catenin moves into vegetal
nuclei beginning at the 16-cell stage (Fig. 4B). Expression of
Wnt-8 and Wnt-1 begins in vegetal cells during late cleav-
age, reinforcing nuclear localization of maternal b-catenin
(reviewed in Angerer and Angerer, 2000; Ferkowicz and
Raff, 2001) (Fig. 4C). By the late blastula, Wnt-5 is expressed
at the ectoderm–endoderm boundary, where the future
blastoporal lip will form (Ferkowicz and Raff, 2001) (Fig.
4C). In addition to Wnts-1, -8, and -5, Wnt-4 has been cloned
from sea urchins, but its spatial expression domain is
unknown. It is likely that there are additional sea urchin
Wnts which have yet to be described. There are consider-
able functional data demonstrating that the canonical Wnt-
signaling pathway functions in specifying posterior identity
(Ghiglione et al., 1993; Emily-Fenouil et al., 1998; Wikra-
manayake et al., 1998; Logan et al., 1999; Huang et al.,
2000; McClay et al., 2000; Vonica et al., 2000; Howard et
al., 2001; reviewed in Angerer and Angerer, 2000). Nuclear
b-catenin in vegetal cells of the blastula is necessary for
specification of vegetal cell fates and for endoderm forma-
tion (Wikramanayake et al., 1998; Logan et al., 1999). The
role of this vegetal/posterior Wnt-signaling center in axial
patterning has been demonstrated by vegetalization (poste-
riorization) of the embryo by treatments (such as lithium or
injection of dominant/negative forms of GSK3-b) that up-
regulate the pathway (Emily-Fenouil et al., 1998). More-
over, embryos injected with a dominant/negative form of
Tcf/Lef lack endoderm (Huang et al., 2000).
Interaction of the Wnt and Notch pathways is indicated
by several experiments. Notch becomes localized in the late
blastula to cells in a ring around the vegetal plate at the
endoderm/secondary mesoderm boundary (Sherwood and
McClay, 1997, 1999). It has been shown that the macro-
meres require nuclear localization of b-catenin in order to
receive inductive signals from the micromeres mediated by
Notch (Sweet et al., 1999; McClay et al., 2000). Moreover,
perturbation of Notch signaling changes both the position
of the ectoderm–endoderm boundary (i.e., the future blas-
ll rights reserved.
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region, suggesting that Notch is acting upstream of
b-catenin in regulating the position of this boundary (Sher-
wood and McClay, 2001).
A direct interaction of the Wnt and/or Notch pathways
with brachyury has not been demonstrated in sea urchins.
However, expression of brachyury suggests the possibility
of such an interaction. Sea urchin brachyury is first ex-
pressed throughout the vegetal plate, not just at the edges,
later turning off in posterior portions of the invaginating
archenteron but continuing at the tip of the archenteron
and subsequently in the secondary mesenchyme (Harada et
al., 1995; Peterson et al., 1999b) (Figs. 4C–4E). However, in
starfish and hemichordates, brachyury is expressed in a ring
around the blastopore (Tagawa et al., 1998; Shoguchi et al.,
1999), but not in the anterior portion of the archenteron or
mesenchyme. There is also an additional expression do-
main in the mouth invagination (Shoguchi et al., 1999;
Tagawa et al., 1998). This pattern is probably more repre-
sentative of that in the ancestral deuterostome than is the
sea urchin pattern.
AMPHIOXUS GASTRULATES BY
INVAGINATION LIKE AN ECHINODERM, BUT
ELONGATES LIKE A VERTEBRATE
Since sea urchins lack a neural plate and head, it is
difficult to assess whether the role of Wnt signaling in
animal–vegetal (anterior–posterior) patterning in sea ur-
chins is evolutionarily more closely related to the roles of
Wnt genes in early dorso-ventral patterning or in later
anterior–posterior patterning of vertebrate embryos. How-
ever, amphioxus has a body plan that is similar to that of
vertebrates, and comparisons with sea urchins and verte-
brates suggest a conservation of mechanisms for anterior–
posterior patterning and elongation of the body axis. The
early role of b-catenin signaling in establishing the dorso-
ventral axis in Xenopus may be an evolutionary innovation
that perhaps arose in connection with gastrulation by
extensive involution.
As noted above, gastrulation in amphioxus is by simple
invagination. The blastula is only one cell thick and the
early gastrula consists of just two cell layers, an outer
ectoderm or epiblast and an inner mesendoderm or hypo-
blast. Moreover, embryos of amphioxus, unlike those of
echinoderms or vertebrates, lack mesenchyme (Hirakow
and Kajita, 1994). Thus, in amphioxus, compared to verte-
brates, it is particularly easy to determine tissue relations
and spatio-temporal patterns of gene expression. In addi-
tion, like vertebrates, amphioxus has a neural plate, and the
blastopore is incorporated into a tail bud from which the
larva elongates posteriorly.
In amphioxus, embryonic expression of eight Wnts is
known (Holland et al., 2000a; Schubert et al., 2000a–c,
2001). All of these are posteriorly expressed during early
development. From what is known about vertebrate Wnts,
© 2001 Elsevier Science. Ait would be predicted that these genes include both those
that preferentially signal via the canonical pathway involv-
ing b-catenin (AmphiWnts1, 3, 7b, 8) and the noncanonical
pathway involving phosphoinositol (AmphiWnts4, 5, 6, 11).
There is no evidence for maternal expression of any of these
genes in amphioxus. However, in amphioxus, there is
considerable maternal b-catenin, which becomes localized
to the blastomere nuclei during early cleavage and remains
uniformly localized to the nuclei of all blastomeres
throughout the entire blastula stage (unpublished observa-
tions) (Figs. 5A–5C). This is very different from the Xenopus
blastula where b-catenin is preferentially localized to dorsal
nuclei (Fig. 3B). Therefore, it seems unlikely that maternal
Wnt signaling functions in establishing the dorso-ventral
axis in amphioxus. On the contrary, the expression of
AmphiSox1/2/3, which first turns on in presumptive neu-
roectoderm just after invagination has occurred and mesen-
doderm and ectoderm are apposed (Holland et al., 2000b),
suggests that the dorso-ventral axis may not be established
in amphioxus until the early gastrula stage, as opposed to
the pregastrula in Xenopus. However, in amphioxus as in
Xenopus, it cannot be ruled out that nuclear b-catenin is
required for specification of the neural plate (Wessely et al.,
2001), since b-catenin is present in all ectodermal nuclei at
the early gastrula stage (unpublished) (Figs. 5C and 5D). In
contrast to Xenopus, the amphioxus blastula has only a
single layer. It could be that cell interactions are required
for induction of neuroectoderm and that in Xenopus, be-
cause the blastula is multilayered, interactions between the
deep and superficial layers of the blastula are involved in
establishing the early expression of the neuroectodermal
markers chordin, ZicR-1, and Sox-2. By contrast, in am-
phioxus, because the blastula is only one cell layer thick,
there can be no interactions between cell layers until the
early gastrula. Since echinoderm blastulae are also one cell
layer thick, it is very likely that a simple blastula like that
of amphioxus is primitive for chordates and that the mul-
tilayered blastula of Xenopus evolved within the vertebrate
lineage.
The earliest zygotic expression of Wnts in amphioxus is
that of AmphiWnt8 (Schubert et al., 2000a; Yasui, 2001)
(Fig. 5C). There is only one Wnt8 gene in amphioxus,
compared to two or more vertebrates (Schubert et al.,
2000a). Amphiwnt8 first turns on at the onset of gastrula-
tion. Expression of AmphiWnt8 commences at the same
time and in the same pattern as brachyury—in a ring
around the equator of the late blastula which will become
the blastoporal lip (Fig. 5C). However, AmphiWnt8 is also
expressed somewhat more weakly throughout the mesend-
oderm (Yasui et al., 2001). By the early gastrula, expression
is down-regulated in the dorsal lip of the blastopore and
anterior mesendoderm. By the midgastrula, the only re-
maining expression is in the presomitic mesoderm and the
posterior ventral endoderm (Schubert et al., 2000a; Yasui et
al., 2001) (Figs. 5D and 5E). This expression persists until
the midlate neurula. Expression of AmphiWnt8 around the
blastopore and in the presumptive mesendoderm before the
ll rights reserved.
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be involved in restricting expression of genes such as
AmphiSox 1/2/3 (Holland et al., 2000b), AmphiDRAL
(Schubert et al., 1998), and AmphiDll (Holland et al., 1996)
to the ectoderm. The early expression of AmphiWnt8 is
similar to that of Wnt8 genes in Xenopus (Christian et al.,
1991; Cui et al., 1995) and the zebrafish (Kelly et al., 1995).
However, in Xenopus, expression of Wnt8 in mesoderm and
endoderm turns off by the neurula stage (Christian et al.,
1991; Cui et al., 1995), while in the zebrafish, expression
persists in the tail bud (Kelly et al., 1995). Expression of
Xwnt-8 in posterior–ventral mesoderm has been implicated
in dorso-ventral patterning of the Xenopus mesoderm
(Christian and Moon, 1993; Hoppler et al., 1996). However,
Gradl et al. (1999) argued that the function of Xwnt-8 in the
late gastrula/neurula is in specification of lateral and
somitic mesoderm rather than in dorso-ventral patterning
of the mesoderm. Certainly, the lack of ventral mesoderm
in early embryos of amphioxus (Kozmik et al., 2001) sug-
gests that specification of somites may be the ancestral role
of Wnt-8 in the paraxial mesoderm.
The remaining amphioxus Wnt genes all turn on during
gastrulation (Fig. 4E). All are expressed around the blas-
topore, and it seems likely, as in sea urchins and verte-
brates, that Wnt signals from the blastopore region are
involved in specifying a posterior identity in the neural
plate and other tissues. Following AmphiWnt8, Amphi-
Wnt11 turns on around the blastoporal lip in the very early
gastrula when invagination is half-completed (expression is
more intense dorsally) (Schubert et al., 2000c). AmphiWnt1
turns on next uniformly in the blastoporal lip just as
invagination is finished (Holland et al., 2000a). Four other
amphioxus Wnt genes (AmphiWnts3, 4, 5, 6), together with
Notch, turn on uniformly around the blastopore by the
midgastrula (Schubert et al., 2000a–c; Holland et al., 2001;
Schubert et al., 2001), while AmphiWnt7b turns on
throughout the mesendoderm (Schubert et al., 2000b) (Fig.
5E). Expression of AmphiWnt4, although most intense
around the blastopore, also occurs weakly throughout the
mesendoderm (Schubert et al., 2000b). AmphiWnts4, 7b,
and 11 are also expressed to some extent in the ectoderm of
the gastrula—AmphiWnt11 predominantly in presumptive
neuroectoderm (Schubert et al., 2000c) and AmphiWnts4
and 7b most strongly in the posterior-dorsal ectoderm. It
has been proposed that Wnts signaling via the noncanonical
pathway, such as Wnt4 and Wnt11, may antagonize signals
from the canonical pathway (Torres et al., 1996; Ku¨hl et al.,
2001). Thus, AmphiWnt11 might antagonize AmphiWnts1,
3, and 8 to allow expression of neural markers.
By the late gastrula/early neurula stage, all of the am-
phioxus Wnt genes retain expression in posterior mesoderm
and/or endoderm while AmphiWnts3 and 7b are expressed
in the neuroectoderm as well (Figs. 5E–5G). The expression
patterns of these genes are dynamic, and as development
proceeds, they turn on in a variety of tissues. However, by
the late neurula, all except AmphiWnt7b and AmphiWnt8
remain expressed in one or more tissues in the tail bud.
© 2001 Elsevier Science. AAmphiWnt7b expression is restricted to the nerve cord at
this stage; however, although not expressed in the tail bud,
AmphiWnt8 is strongly expressed in the posterior meso-
derm and endoderm just anterior to the tail bud. Posterior
expression of so many Wnt genes in amphioxus suggests
that a role for Wnts in specifying posterior identity may be
basal in the chordates and that failure of many to be
expressed posteriorly in vertebrates may represent an evo-
lutionary change in function. Moreover, the three sea
urchin Wnt genes which have been studied in detail are all
posteriorly expressed (Ferkowicz and Raff, 2002). If other
Wnts are expressed in the vegetal plate and/or around the
blastopore in echinoderms and hemichordates as in am-
phioxus, it would strongly suggest that posterior expression
of Wnts is basal within deuterostomes.
In amphioxus, there are two brachyury genes with iden-
tical expression, Ambra1 and Ambra2 (Holland et al.,
1995), and one Notch gene (Holland et al., 2001). Brachyury
is coexpressed with AmphiWnt8, AmphiWnt3, and Amphi-
Wnt1 around the blastopore and in the presomitic meso-
derm (Figs. 5C–5F). However, as in vertebrates, amphioxus
brachyury is also expressed in the notochord and persists in
the tail bud during elongation of the tail (Holland et al.,
1995; Terazawa and Satoh, 1995, 1997; Zhang et al., 1997).
Transcripts of AmphiNotch are first detectable in the
midgastrula in a ring of presumptive mesendoderm just
inside the widely open blastopore and dorsally in the
presumptive notochord and somites. Expression is high
posteriorly and tapers off anteriorly. There is also weak
expression in the posterior neural plate. Transcripts in the
posterior mesoderm remain conspicuous in elongating em-
bryos and in the larval tail bud (Holland et al., 2001).
Amphioxus caudal (AmphiCdx) is expressed in the pos-
terior mesendoderm and neural plate and in the late neurula
in posterior endoderm, the walls of the neurenteric canal,
and posterior part of the nerve cord (Brooke et al., 1998)
(Figs. 5F and 5G). Expression overlaps with that of Amphi-
Wnt3, although AmphiCdx expression extends more ante-
riorly in the endoderm than that of AmphiWnt3, while the
reverse is true in the nerve cord (Schubert et al., 2001) (Figs.
5F and 5G.). The coexpression of Wnts, caudal, brachyury,
and Notch in posterior structures suggests that these genes
and gene pathways may interact in a posterior signaling
center in amphioxus as in vertebrates and sea urchins.
Continued expression of Wnts, Notch, and brachury in
the tail bud of amphioxus and vertebrates as the trunk/tail
elongates suggests that the mechanism of tail elongation in
the ancestral chordate involved expression of these genes in
a tail bud. Sea urchins, of course, do not elongate from a tail
bud; however, the posterior region of indirectly developing
hemichordate larvae does develop into the adult posterior.
Brachyury, expressed around the blastopore of the early
larva, ceases expression in the late larva, but turns on again
in the posterior of the metamorphosing larva and juvenile
(Peterson et al., 1999a). Wnts, Notch, and caudal have not
been cloned from hemichordates, and it would be very
interesting to see if these genes have posterior expression in
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a tail bud like that in amphioxus and vertebrates. If so, it
would suggest that a mechanism involving these genes for
anterior–posterior patterning of the embryo and elongation
of the tail was present in the ancestral deuterostome.
Aside from Wnts and brachyury, the only amphioxus
homologs of organizer genes cloned to date are Otx and
goosecoid (Gsc) (Williams and Holland, 1996; Neidert et al.,
2000). Gsc turns on in the dorsal lip of the amphioxus
blastopore, but only after gastrulation has occurred and the
mesendoderm and endoderm are already closely apposed.
Moreover, expression does not migrate from anterior to
posterior as in Xenopus, but rather turns on simultaneously
throughout the axial mesoderm and, conversely to Xenopus
gsc, retracts to the tail bud by the early neurula (Neidert et
al., 2000). AmphiOtx turns on first in the dorsal mesend-
oderm and later in the overlying neural plate (Williams and
Holland, 1996). Thus, while the expression of Gsc and Otx
is somewhat similar in amphioxus and Xenopus, the lack of
localization of Otx expression in the dorsal lip of the
amphioxus blastopore emphasizes that, in the absence of
involution, it is unlikely that the dorsal lip of the blasto-
pore in amphioxus functions as a dorso-ventral organizing
center.
ANTERIOR–POSTERIOR PATTERNING IN
ASCIDIANS OCCURS BY CYTOPLASMIC
LOCALIZATION OF MATERNAL FACTORS
In embryos such as those of tunicates and frogs, which
undergo pronounced cytoplasmic rearrangements after fer-
tilization and in which involution plays a major role in
gastrulation, the animal–vegetal and anterior–posterior
(A-P) axes do not coincide. For example, Conklin (1905)
defined the A-P axis of early ascidian tunicate embryos as
being roughly perpendicular to the animal–vegetal axis.
Moreover, in these embryos the position of the A-P axis
shifts during gastrulation because of the morphogenetic
movements during gastrulation (Nishida, 1997). Thus, at
the onset of ascidian gastrulation, the blastoporal lip that
will involute to give rise to the notochord is defined as
“anterior” and the opposite lip as “posterior.”
In contrast to other deuterostomes, tunicates have em-
bryos with a reduced number of cells and determinate
cleavage. Depending on the cell lineage, cell fates are
restricted between the 64-cell stage and the onset of gastru-
lation at the 110-cell stage (Nishida, 1997). Thus, maternal
mRNAs play a dominant role in establishing the embryonic
axes. The future posterior pole of the embryo is established
during ooplasmic segregation, when, shortly after fertiliza-
tion, the myoplasm migrates to one side of the vegetal pole.
This posterior vegetal cytoplasm contains determinants for
gastrulation and for posterior fate (Nishida, 1994). Anterior
fate evidently results from the absence of posterior cyto-
plasm (Nishida, 1997). There is no blastocoel, and presum-
ably because there are few cells, gastrulation appears to be
© 2001 Elsevier Science. Ahighly modified. Cells at the dorsal (often called anterior)
lip of the blastopore give rise to endoderm and notochord,
while those at the ventral (often called posterior) lip of the
blastopore give rise to endoderm and muscle. The larvae are
nonfeeding, and the endoderm consists of a few cells in the
head/trunk region plus the endodermal strand in the tail.
While the stage at which the tail forms is called the “tail
bud stage,” there is no tail bud in the amphioxus or
vertebrate sense in which posterior elongation stems from
division and intercalation and differentiation of cells at the
end of the tail. Rather, elongation of the tunicate tail is due
to intercalation and cell shape changes of the entire popu-
lation of cells in the tail, which are postmitotic (Katsuyama
et al., 1999).
In tunicate embryos, while cell–cell interactions during
cleavage stages do play a role in cell-fate determination,
Wnts, Notch, brachyury, and caudal do not appear to
function in anterior–posterior patterning as in other deuter-
ostomes. Consequently, although homologs of these genes
are expressed during early ascidian development (Figs. 4F–
4K), their expression differs from that of homologous genes
in other deuterostomes. For example, maternal Wnt5 tran-
scripts are initially localized to the myoplasm and to the
vegetal blastomeres at the 64-cell stage. Subsequently,
zygotic Wnt5 transcripts, initially present in cells giving
rise to endoderm, notochord, and muscle, appear in all the
animal blastomeres at the 110-cell stage (when gastrulation
begins). Expression is very weak during the gastrula and,
during the neurula stage, becomes restricted to the noto-
chord and endodermal strand (Sasakura et al., l998). The
early maternal expression of ascidian Wnt5 in myoplasm is
vaguely reminiscent of expression in mouse and amphioxus
around the blastopore (Gofflot et al., 1997; Schubert et al.,
2001) in that it is posterior. However, in zebrafish, maternal
transcripts of Wnt-5 are ubiquitous (Blader et al., 1996). The
only clearly conserved expression of ascidian Wnt-5 is the
late expression in the notochord, which also occurs in
amphioxus and mouse (Gofflot et al., 1997; Schubert et al.,
2001). Similarly, while the expression of Wnt7 in the tail
nerve cord of ascidians (Sasakura and Makabe, 2000) ap-
pears comparable to the late expression of AmphiWnt7b
(Schubert et al., 2000b) in the nerve cord, there is no
expression in ascidians comparable to the early expression
of AmphiWnt7b in the mesendoderm of the gastrula and
posterior mesoderm and endoderm of the neurula. In addi-
tion, nuclear b-catenin appears to function in ascidians, not
in axial patterning, but in endoderm specification (Imai et
al., 2000). If b-catenin is experimentally down-regulated,
endoderm does not differentiate and the notochord does not
form. Conversely, both exposure to lithium from early
cleavage stages and injection of b-catenin mRNA cause
transformation of notochord cells into endoderm cells (Yo-
shida et al., 1998), thus accounting for the shortened tails in
lithium-treated embryos.
Expression of ascidian caudal is also only vaguely remi-
niscent of that in other chordates. In one ascidian species, it
is expressed initially in two cells on the dorsal–lateral
ll rights reserved.
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give rise to the lateral walls of the posterior neural tube
(Hinman et al., 2000). In another species, caudal is also
expressed in the tail epidermis at the beginning of gastru-
lation, stronger dorsally, and in the lateral walls of the
neural tube. However, by mid tail bud stage, the most
posterior ectoderm ceases to express the gene (Katsuyama
et al., 1999; Wada et al., 1999). It is only in the juvenile that
there is any expression in the endoderm (Hinman et al.,
2000) as in other deuterostomes.
Moreover, Brachyury expression in mesoderm around the
blastopore has evidently been lost in ascidians. Expression
is limited to the notochord (Corbo et al., 1998) as in other
chordates, although a divergent T-box gene (AsT2) is ex-
pressed at the tip of the tail (Yasuo et al., 1996). Similarly,
posterior expression of Notch during the gastrula stage
appears to have been lost in ascidians as has all mesodermal
expression. During cleavage stages, maternal Notch is con-
centrated in animal ectodermal cells. Only the relatively
late Notch expression, which begins at the neural plate
stage in the neural folds (Fig. 4K) (Hori et al., 1997), is
probably evolutionarily related to the neural plate expres-
sion of amphioxus Notch (Holland et al., 2001) and verte-
brates (Coffman et al., 1993).
In summary, ascidians have largely replaced the ancestral
deuterostome anterior–posterior patterning mechanism in-
volving Wnt and Notch signaling and brachyury expression
in the vegetal plate and around the blastopore with an early
determination mechanism based on maternally emplaced
gene products that become segregated in the posterior
vegetal cytoplasm just after fertilization. In addition,
nuclear b-catenin has lost a role in anterior–posterior pat-
terning. Only remnants of the original roles Wnt and Notch,
brachyury, and caudal genes played in early deuterostome
development remain. These include the posterior expres-
sion of caudal and, perhaps, the role of nuclear b-catenin in
induction of mesoderm. Ancestral roles for these genes in
embryonic patterning have only been clearly preserved in
development of late larvae or, in the case of caudal expres-
sion in endoderm, in development of juveniles.
ANCESTRY OF ANTERIOR–POSTERIOR
PATTERNING IN DEUTEROSTOMES?
The most basal ancestral deuterostome probably had a
posterior (blastoporal) signaling center in which the Notch
and Wnt pathways and their downstream targets such as
brachyury and caudal interacted to pattern the embryo
along the anterior–posterior axis. This raises the interesting
evolutionary question of how much of this patterning
system is a deuterostome innovation and how much is an
inheritance from more basal animals. Expression of wing-
less (wg, Wnt), brachyury, and caudal in Drosophila around
the posterior pole of the embryo has led to the suggestion
that such a mechanism for patterning the anterior–posterior
axis was present in the common ancestor of deuterostomes
© 2001 Elsevier Science. Aand protostomes (Wu and Lengyl, 1998). However, Dro-
sophila is an advanced insect, and, thus, the possibility of
independent cooption of these pathways for anterior–
posterior in protostomes and deuterostomes was difficult to
rule out.
Recently, however, expression patterns of brachyury, gsc,
and the “head gene” Otx have been determined in a
polychaete annelid (Arendt et al., 2001). In this polychaete,
brachyury is expressed in both the mouth and anal primor-
dia as in echinoderms and hemichordates (lack of expres-
sion in the mouth in chordates may be due to the chordate
mouth being secondary), as well as in the ventral midline
between the presumptive mouth and anus. Moreover, Otx
is expressed in the mouth primordium, as is gsc, which is
initially a blastoporal marker in both amphioxus and ver-
tebrates (although in Xenopus, expression migrates anteri-
orly during gastrulation). These similarities in gene expres-
sion in early development of both protostomes and
deuterostomes call into question the distinction first made
by Grobben (1908) between deuterostomes, in which the
blastopore develops into the larval anus, and protostomes,
in which the blastopore develops into the larval mouth.
Regardless of whether the ancestral bilaterian was a deuter-
ostome as proposed by Valentine (1997) or derived both
mouth and anus from the blastopore as in some modern
polychaetes, the similar patterns of gene expression around
the larval mouth and anus in a polychaete, Drosophila, and
deuterostomes lends credence to evolutionary scenarios
which derive both the mouth and the anus in the ancestral
bilaterian from the single opening in a cnidarian-like prebi-
laterian in which all of these genes were expressed around
the single gut opening as in modern cnidarians (Bruce and
Shankland, 1998; Shankland and Seaver, 2000). For ex-
ample, in Hydra, a Wnt gene and Tcf/Lef are expressed
around the mouth/anus (Hobmayer et al., 2000), as is
brachury (Technau and Bode, 1999), while Otx expression
is also associated with structures developing in the region
of the mouth/anus (Smith et al., 1999). Although these
similarities in gene expression between cnidarians and
bilaterians are tantalizing, there are still very few data on
gene expression in the lophotrochozoans, ecdysozoans, and
nonbilaterians other than cnidarians. Additional informa-
tion on gene expression in a variety of more basal organisms
in these groups should shed more light on evolution of
bilaterian modes of anterior–posterior patterning.
CONCLUSION
In all deuterostomes except tunicates, cells at the
vegetal/posterior end of the late blastula and gastrula ex-
press Wnt genes signaling via both the canonical and
noncanonical together with Notch and brachyury and dem-
onstrate nuclear localization of b-catenin. Wnts and Notch
have, unfortunately, not been cloned from hemichordates,
which, unlike echinoderms, their sister group, have re-
tained a bilaterian body plan. Consequently, a better under-
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should give considerable insight into how the chordate
body plan evolved from that of a bilaterian deuterostome
ancestor.
Interactions of the Wnt and Notch pathways have been
demonstrated for vertebrates and sea urchins, and it seems
likely that they similarly interact in amphioxus to consti-
tute a posterior signaling center involved in patterning
along the anterior–posterior axis. In amphioxus and verte-
brates, this signaling center persists as part of the “tail
organizer” and functions in elongation of the tail. Other
roles of Wnt signaling, such as establishing the dorso-
ventral axis in vertebrates, probably represent a cooption of
the pathway which occurred as a result of the evolution of
yolky eggs and gastrulation by involution.
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